ABSTRACT: Establishing whether heavily fished spawning aggregations of squid represent genetically distinct populations is important for fisheries management, especially in light of recent efforts to apply ecosystem-based management methods and the importance of squid as both predator and prey. Most squid species have the potential for high dispersal rates due to lengthy planktonic paralarval stages and highly migratory adult stages. Such life-history traits lead to predictions of genetic homogeneity (i.e. panmixia) of squid populations across large geographical areas. However, testing this hypothesis can be difficult, because spawning populations of squid are highly mobile and spawning sites are either unknown or spread sparsely over large geographical areas. Loligo reynaudii and Doryteuthis (Amerigo) pealeii are 2 squid species that are commercially fished on inshore spawning grounds located off the coasts of South Africa and the eastern USA, respectively, and for which highly localised spawning aggregations have been documented. We sampled discrete spawning aggregations of these 2 neritic species, so that the highest likelihood of sampling true reproductive populations was achieved, in order to determine whether such spawning aggregations represent discrete genetic populations. As has been reported for many squid species, the levels of genetic diversity detected at nuclear microsatellite DNA loci, within both L. reynaudii and D. pealeii, were high and consistent across all samples. Our results for D. pealeii indicated that adjustments of allele frequencies using MICROCHECKER to take the presence of null alleles into account may introduce bias, due to the presence of loci with small numbers of common alleles; this leads to a conclusion that there is significant genetic differentiation among populations where none exists. For both species, our results indicated no significant genetic differentiation of populations and, thus, no association of spawning aggregations with distinct genetic subpopulations, across the main spawning ranges sampled. 
INTRODUCTION
An intuitive assumption regarding population structuring in marine organisms is that species with highly mobile adults and/or planktonic larval stages have high dispersal potential and will display panmixia (i.e. interbreeding leading to little or no structuring) over large distances. Molecular markers have proved useful for testing genetic structuring, and, although widespread panmixia has been confirmed in many species (Avise 2004) , a growing number of cases in both marine vertebrates (e.g. cod: Ruzzante et al. 2001 , herring: Mariani et al. 2005 and invertebrates (e.g. cuttlefish: Perez Losada et al. 2002 , lobsters: Triantafyllidis et al. 2005 , crabs: Sotelo et al. 2008 have demonstrated that the dispersal and interbreeding realised is often much lower than the levels predicted from life-history characteristics (Palumbi 2004) . Although the degree of genetic structuring of marine species is usually much lower than that reported for freshwater or terrestrial species, the biological significance of low levels of genetic structure has been supported by correlation of population differentiation with environmental factors (Bekkevold et al. 2005) or by temporal and spatial replication (Cimmaruta et al. 2008) . Understanding genetic substructuring of marine species is important for understanding how populations evolve, for example in response to changing environments, and also for stock identification and the evaluation of the selective effects of fisheries on the population structure and life-history traits of managed species.
Squid epitomise marine species with high dispersal potential. Life-history characteristics of most squid species are predicted to result in widespread gene flow because of the highly mobile adult stage -when individuals are known to undertake migrations of 100s to 1000s of kilometres -and the long-distance transport of planktonic paralarval stages lasting several weeks (Boyle & Rodhouse 2005) . Together with very large census populations that may fluctuate by orders of magnitude across years (Boyle & Boletzky 1996) , the potential for high dispersal leads to predictions of genetic homogeneity (i.e. panmixia) of squid populations. Most studies of squid have supported this prediction and indicated little, if any, genetic structuring over geographical distances of 100s to 1000s of kilometres despite important life-history differences between ommastrephid and loliginid squid species (e.g. Adcock et al. 1999 , Triantafillos et al. 2004 , Dillane et al. 2005 , Martínez et al. 2005 . Ommastrephid species inhabit deeper shelf and slope waters contiguous with major ocean current systems that aid in the transport of the species' pelagic egg masses and paralarvae (Rodhouse et al. 1998 ). Consequently, large-scale oceanographic features such as fronts and coastal upwelling cells influence the structuring of ommastrephid populations (Dawe et al. 2007 ). In contrast, squid species of the family Loliginidae have a sessile benthic egg stage and tend to be neritic in habit, with seasonal distributions that shift between shallow coastal waters and deeper offshore waters along continental shelves. As a result, loliginid populations tend to be physically structured by shallow water topography and seasonal variations in water temperature (Brodziak & Hendrickson 1999) , which affect embryonic development and growth rates and thus determine the amount of exposure time that these early life-history stages are subject to intense predation (Dawe et al. 2007 ). Even so, most studies of loliginid species have also described genetic homogeneity of populations over large areas (e.g. Yeatman & Benzie 1994 , Reichow & Smith 2001 , Triantafillos & Adams 2001 , Herke & Foltz 2002 , Shaw et al. 2004 . One study, however, of Loligo pealeii Lesueur, 1821 along the eastern coast of North America, which specifically targeted sampling of squid in discrete spawning aggregations, has described significant genetic differentiation among locations during the summer spawning season (Buresch et al. 2006) .
A true reflection of the breakdown of interbreeding between demes, exhibited as genetic differentiation between populations, will be gained only if adults are sampled during their reproductive phase (i.e. at spawning time on the spawning grounds). For example, Nesbø et al. (2000) detected population structure among samples of Atlantic mackerel Scomber scombrus collected at spawning times, but not among samples collected outside of spawning times. Although efforts are made to sample breeding adults at spawning time in areas where eggs and larvae have been recorded (i.e. putative spawning grounds), most species of squid are difficult to observe in the act of spawning, and accurate locations of breeding sites are unknown for many species. Due to protracted spawning seasons, the facility of individuals (at least among loliginids) to spawn over extended periods (Boyle & Rodhouse 2005) and the high mobility of adults, it is possible that sexually mature squid in one area at one time may be a mixture from multiple spawning populations. Some studies of squid have determined low levels of genetic differentiation within specific regions or time periods (Carvalho et al. 1992 , Martínez et al. 2005 , which may indicate greater underlying structuring of populations, possibly resulting from isolated spawning subpopulations within regions.
Our investigation began as a test for genetic differentiation among local spawning aggregations of Loligo reynaudii Orbigny, 1845, a species for which individuals can be sampled from known spawning sites during spawning, as a comparison to the earlier study of L. pealeii by Buresch et al. (2006) . However, during the course of the study we were asked by staff from the US National Marine Fisheries Service to resample the spawning populations of L. pealeii; because initial results for L. reynaudii indicated no distinct genetic differentiation of spawning aggregations, we accepted this offer as an opportunity to directly compare results for the 2 species.
Loligo reynaudii is a neritic species distributed around the southwest and southeast coasts of South Africa (Augustyn et al. 1992) . Mature adults form spawning aggregations, depositing sessile egg strings on the seabed in highly localised patches. It is postulated that L. reynaudii spawn and hatch in inshore waters along the southeast coast of South Africa, migrate offshore and westwards to feed and mature, and then return to the spawning grounds to complete their life cycle (Augustyn et al. 1992 , 1994 , Olyott et al. 2007 ). The main inshore spawning sites are concentrated along the Eastern Cape coast from Tsitsikamma to Port Alfred (see Fig. 1A ). Females are serial spawners (Melo & Sauer 1999) , which, together with tagging data that show individuals can move to other spawning sites up to 207 km away in 18 d (Sauer et al. 2000) , suggests the facility to move between and breed in multiple spawning areas. From what is known of the species' biology, migration patterns and the lack of obvious geographic and hydrographic barriers to movement along this coastline, the null hypothesis prediction is for extensive interbreeding and a single genetic population over a wide area, at least within the main spawning area on the southeast coast.
Loligo pealeii has recently been reclassified as Doryteuthis (Amerigo) pealeii, based on Vecchione et al. (2005) , and the species will be referred to hereafter as D. pealeii. D. pealeii is also a neritic species with a sessile, benthic egg stage and is distributed widely in the northwest Atlantic Ocean and Caribbean Sea (Roper et al. 1984) . The main centre of abundance, however, is off the east coast of the USA, between Cape Cod (Massachusetts) and Cape Hatteras (North Carolina; see Fig. 1B ), where the species is fished with bottom trawls throughout the year. The lifespan is from~6 to 9 mo, and spawning occurs year-round, with peaks during winter and summer (Brodziak & Macy 1996 , Macy & Brodziak 2001 . Incidental catches of benthic egg masses by the squid fishery, as well as seasonal sexual maturity patterns (Macy & Brodziak 2001) , have been used to identify inshore and offshore spawning areas located between Cape Cod and Cape Hatteras (Hatfield & Cadrin 2002) . Individuals undergo extensive seasonal migrations of 100s of kilometres: north of Cape Hatteras, squid migrate offshore and southward during late autumn to overwinter then return inshore during late spring, where they remain until late autumn (Summers 1983 , Macy & Brodziak 2001 ). Similar to L. reynaudii, the prediction from life-history and migration patterns of D. pealeii is for extensive inter- Table 1) breeding and a single genetic population over large areas along the eastern US coast, a prediction supported in genetic studies by Herke & Foltz (2002) and Garthwaite et al. (1989) . Garthwaite et al. (1989) suggested low levels of genetic differentiation at regional scales along the US east coast (i.e. offshore, on Georges Bank; and inshore, off eastern Cape Cod and Virginia), although they also acknowledged the limited power of the single polymorphic allozyme locus used. Additionally, the Garthwaite et al. (1989) study was conducted during the fall migration period rather than on the spawning grounds. Herke & Foltz (2002) found no evidence of population substructuring across a geographic range extending further north (southern Scotian Shelf) and south (east coast of Florida) of the area sampled by Garthwaite et al. (1989) . In contrast, Buresch et al. (2006) suggested that 4 inshore summer spawning aggregations between Cape Cod (Massachusetts) and Delaware were genetically distinct. Our study tested the hypothesis that geographically localised spawning aggregations of Loligo reynaudii and Doryteuthis pealeii represent genetically distinct populations. Both squid species, although from different parts of the world, share similar life-history characteristics in terms of inshore migrations of mature adults to form discrete spawning aggregations in shallow coastal waters, where they are the targets of commercial fisheries.
MATERIALS AND METHODS

Sampling.
A key aspect of the present study was to sample squid populations during spawning, so that the highest likelihood of identifying reproductively isolated populations was achieved. Loligo reynaudii and Doryteuthis pealeii are 2 of very few squid species for which highly localised spawning aggregations have been documented. In both species spawning takes place in the same approximate geographical locations year after year.
For Loligo reynaudii, inshore spawning aggregations were sampled from commercial jig fishery boats, which locate the spawning aggregations and egg beds using sonar. Four aggregations were sampled in the period from April to June 2006 along the Eastern Cape coast of South Africa in the vicinity of Port Alfred (PA), Port Elizabeth (PE), St Francis Bay (SF06) and the Tsitsikamma National Park Marine Protected Area (TS), plus a sample of spawning squid taken by demersal trawl (late January 2006) on the deeper spawning grounds (185 m) of the Agulhas Bank south of Cape Town (CT) in the Western Cape region (see Table 1 and Fig. 1A ), a geographical range of ~800 km. A sample taken from the spawning aggregation in St Francis Bay in 2003 (SF03) was also included as a test of temporal stability of allele frequencies.
Doryteuthis pealeii samples were collected at 9 sites located throughout the latitudinal range of the species' core habitat along the east coast of the USA between Cape Cod and Cape Hatteras. Individuals were collected during stratified random bottom trawl surveys conducted by the Northeast Fisheries Science Center (Azarovitz 1981) and during state research bottom trawl surveys. Squid were also collected from inshore weirs during the spring spawning period. Squid were collected during summer and winter and presumed to represent both of the primary cohorts: winter-hatched squid (November to May) and summer-hatched squid (June to October), respectively (Brodziak & Macy Fig. 1B) . Microsatellite screening. Levels of genetic diversity within and between samples of Loligo reynaudii were assessed using 6 microsatellite loci: Lrey21, Lrey34, Lrey44 and Lrey48 isolated from L. reynaudii (Naud & Shaw 2008) , plus 2 loci isolated from another loliginid (Loligo forbesi), Lfor1 and Lfor3 (Shaw 1997) . Samples of Doryteuthis pealeii were assessed using 5 microsatellite loci: Lp2, Lp4, Lp5 and Lp12 isolated from D. pealeii (Maxwell et al. 2000) and Lfor3 (Shaw 1997) .
For samples of both species total DNA was extracted from 95% ethanol-preserved tissue using a CTABchloroform/IAA method (Winnepenninckx et al. 1993 ). Microsatellites were amplified using polymerase chain reactions (PCR) performed under the following conditions: 120 s at 94°C, then 30 cycles of 30 s at 92°C, 30 s at the specific annealing temperature (Shaw 1997 , Maxwell et al. 2000 , Naud & Shaw 2008 and 10 s at 72°C, using a PTC-200 thermal cycler (MJ Research). Reaction mixes contained 20 ng template DNA, 1.5 to 2.5 mM MgCl, 0.2 mM of each nucleotide, 0.2 µM of each primer (forward primer 5' end-labelled with a Cy5 fluorescent dye group), 0.2 U Taq polymerase (Bioline UK) with the manufacturer-supplied 1× buffer: 160 mM (NH 4 ) 2 SO 4 , 670 mM Tris-HCl; in a final reaction volume of 10 µl. Amplified products were resolved on 6% denaturing polyacrylamide gels run on an ALFexpressII (Pharmacia Biotech) automated sequencer. Product sizes were determined against internal standard size markers using Fragment Manager v. 1.2 (Pharmacia Biotech) and confirmed against known individual genotypes run across gels. Consistency of PCR amplification and scoring were checked for 2 batches of 40 individuals for each species using new DNA extractions, 2 sets of amplifications and running/scoring each set twice.
Genetic data analysis. Genotypes at all pairs of loci were tested for genotypic linkage disequilibrium and within loci within samples for deviation from HardyWeinberg outcrossing expectations, using exact tests with significance determined by a Markov chain method (GENEPOP v. 3.3; Raymond & Rousset 1995) . Levels of genetic diversity within samples were estimated as the proportion of heterozygotes observed (H o ) and allelic richness (A, number of alleles observed corrected across all samples for the minimum sample size screened). Genetic differentiation among samples was analysed using exact tests of differences in allele frequencies (using GENEPOP) and F ST (Wright 1978) . Levels of F ST , estimated by θ (Weir & Cockerham 1984) both globally and pairwise between samples, were calculated and tested for significant departure from zero (no differentiation) using permutation procedures within Fstat v. 2.9.3.2 (Goudet 1995) . Where multiple tests were conducted, significance levels were adjusted according to a Bonferroni correction (Rice 1989) .
In order to allow direct comparison of Doryteuthis pealeii results with those from Buresch et al. (2006) , values of F IS within samples were generated from Fstat and all locus-by-sample combinations were tested for the presence of non-amplifying ('null') alleles using MICROCHECKER (van Oosterhout et al. 2004 ). Intersample differentiation (F ST ) was then recalculated and tested for significance (using Fstat) with the dataset corrected as indicated by MICROCHECKER to account for the presence of null alleles (using the Brookfield 1 algorithm, substituting a synthetic allele in place of 1 allele from selected 'false' homozygotes). Correction of datasets for null alleles can be important, as the presence of significant frequencies of null alleles has been shown to increase apparent differentiation between samples (Chapuis & Estoup 2007) . Both D. pealeii and Loligo reynaudii datasets were also tested for null alleles, and F ST values were recalculated and tested to account for null alleles, using FreeNA (Chapuis & Estoup 2007, www. montpellier.inra.fr/URLB), to account for possible problems of using MICROCHECKER with this dataset (see 'Results' and 'Discussion').
RESULTS
Genetic variability within samples
A total of 387 individuals of Loligo reynaudii and 676 individuals of Doryteuthis pealeii were scored for 6 and 5 microsatellite loci, respectively. Genotype and allele frequency data are available from the corresponding author on request. Levels of genetic diversity within samples, in terms of number of alleles (A) and observed heterozygosity (H o ), were high and consistent among samples for both L. reynaudii (A = 18.0 to 18.9, H o = 0.80 to 0.87) and D. pealeii (A = 9.3 to 10.1, H o = 0.62 to 0.74) -see Tables 2 & 3. For Loligo reynaudii, 8 out of 90 tests displayed significant genotypic correlations in tests for linkage disequilibrium, although none remained significant after correction for multiple tests, and no locus pairs displayed significant linkage across all samples combined. As a result, all loci were considered to be independent. For Doryteuthis pealeii, 22 out of 90 tests displayed significant genotypic correlations, 6 remained significant after correction for multiple tests and no locus pairs displayed significant linkage across all samples combined: again, all loci were considered to be independent.
In tests for departure of genotype proportions from expectation under Hardy-Weinberg equilibrium (F IS ; Table 2 ), for Loligo reynaudii, 15 out of 36 sample-bylocus tests were significant at p < 0.05, although only 6 remained significant after Bonferroni correction for multiple tests within loci. Of the 6 significant results, 5 were found at the same locus (Lrey21), all due to deficits of heterozygotes. Testing with MICROCHECKER indicated the likely presence of a null allele within locus Lrey21, in 4 out of 6 samples at frequencies of from 3 to 9%, but not consistently within any of the other 5 loci (1 test for Lrey34 at 5%, 2 tests for Lrey44 at 5 to 8%, 1 test for Lrey48 at 5% -no sample was involved more than once). For Doryteuthis pealeii, 21 out of 45 sample-by-locus tests were significant at p < 0.05, although only 9 remained significant after correction for multiple tests (Table 3) . Of the 9 significant results, 5 were found at the same locus (Lfor3); all were due to deficits of heterozygotes. Testing with MICROCHECKER indicated the likely presence of a null allele within locus Lfor3, in 7 out of 9 samples at frequencies of 2 to 14%, but not consistently within any of the other 4 loci (2 tests for Lp2 at 1 to 9%, 3 tests for Lp4 at 2 to 8%, 2 tests for Lp5 at 1 to 6%, 1 test for Lp12 at 16% -no sample was involved more than twice). As a single locus exhibited evidence of null alleles in both L. reynaudii (Lrey21) and D. pealeii (Lfor3), subsequent analyses for genetic differentiation among samples were conducted both with and without these loci to assess the potential effects of the null alleles.
Genetic differentiation among samples
For Loligo reynaudii, the temporal samples from St Francis Bay (SF03 and SF06) exhibited no significant differences in allele frequencies, either tested using exact tests (no individual loci significant, combined probability = 0.16) or with permutation testing of between-sample diversity (F ST = 0.001, p = 0.56). Tests of genetic differentiation among the whole sample set indicated very low and non-significant levels of intersample diversity (F ST = 0.001, ns), although exact tests indicated overall significant differences in allele frequencies (p = 0.0009), but not in genotype frequencies (p = 0.070). Pairwise tests between individual samples (Table 4 ) again indicated very low values of F ST (0 to 0.005). Only the CT sample showed significant differences from other samples (SF and PA), of which only 1 result (SF) remained significant after correction for multiple tests. There was some indication of increasing genetic difference (F ST ) between geographically more distant samples (Western Cape versus Eastern Cape), but no significant isolation-by-distance effect was indicated by Mantel tests. Exact tests confirmed the pattern exhibited by F ST values, with sample PA showing significant results against CT and TS; however, only the CT versus SF result remained significant after correction for multiple tests. Values of F ST were not substantially altered, and the significance of tests was not changed by removing locus Lrey21 from calculations or by applying MICROCHECKER modification of genotypes. Application of the FreeNA adjustment for the presence of null alleles also had little effect on F ST values (Table 4) , but did affect the number of significant results: only the CT versus SF comparison was significant, but became non-significant after adjustment for multiple tests.
For Doryteuthis pealeii, tests of genetic differentiation among the whole sample set indicated very low and nonsignificant levels of inter-sample diversity (F ST = 0.001, ns), but exact tests indicated overall significant differences in allele and genotype frequencies (p = 0.0004). When the dataset was corrected for the estimated presence of null alleles using FreeNA and the F ST values were recalculated, only 3 comparisons (3 vs. 5, 4 vs. 9, 5 vs. 9) were significantly different from zero, and none remained so after correction for multiple tests (Table 5) . However, when the dataset was corrected for null alleles using MICROCHECKER, 18 F ST values were increased over those for the uncorrected genotype data and 19 values were significantly different from zero, with 12 remaining significant after correction for multiple tests (Table 5) . As with the uncorrected data, the significant F ST results with MICROCHECKER displayed no obvious geographical pattern, although 3 samples (Stns 3, 6 and particularly 9) accounted for all of the highly significant results.
DISCUSSION
Our study results indicate that geographically localised spawning aggregations of Loligo reynaudii and Doryteuthis pealeii do not represent genetically distinct populations. Identification of whether or not heavily fished spawning aggregations of squid are distinct populations is an important consideration for fisheries management, especially in light of recent efforts to apply ecosystem-based management methods (Pikitch et al. 2004 ) and the importance of squid as both predator and prey. Table 4 . Loligo reynaudii. Estimates of genetic differentiation (F ST above diagonal, exact test probability below diagonal) between samples. Two values for F ST are given -upper value: original genotypic data; lower value: genotypic data adjusted using FreeNA (see 'Materials and methods -Genetic data analysis'). Tests for F ST significantly greater than zero: *p < 0.05, **p < 0.01; values in bold remain significant after Bonferroni correction for multiple tests (p < 0.005). See Table 1 and Fig. 1 for sample locations through selective removal of genotypes (Allendorf et al. 2008) , and over-harvesting may result in extinction of local gene pools or reduce genetically effective population size (Ryman et al. 1981 , Laikre & Ryman 1996 . Levels of genetic diversity detected in our investigation of nuclear microsatellite DNA loci within both L. reynaudii and D. pealeii were high and consistent across all samples; a pattern reported for most cephalopod species studied to date (Shaw 2002) . As such, these data do not suggest that recent and extensive bottlenecks in population size have occurred, or that particular local populations have been more affected than others, on a genetic level, by fishing activities. The observed difference in diversity between the 2 species is likely due to the physical nature of the specific loci selected for use rather than true differences in underlying diversity, i.e. the loci for L. reynaudii were by chance more polymorphic than those used for D. pealeii.
Overall, the results for Loligo reynaudii indicate very little, if any, genetic differentiation of populations (F ST = 0 to 0.005) across most of the spawning range of this species, and they certainly give no support to the hypothesis that local spawning aggregations represent distinct genetic populations. Rather, the results support a hypothesis of effective mixing and interbreeding of L. reynaudii populations across substantial geographic areas, certainly across the multiple spawning aggregations occurring along the Eastern Cape coast. The results conform to expectations based on the dispersive life-history characteristics of the species (Augustyn et al. 1994) , as well as to observations of long-distance migration of individuals among spawning aggregations (Sauer et al. 2000) .
As with Loligo reynaudii, the results for Doryteuthis pealeii indicate very little, if any, genetic differentiation of populations (F ST = 0 to 0.006) across the geographical range sampled (>1000 km), and they give no support to the hypothesis that local spawning aggregations represent distinct genetic populations. Again, the results conform to expectations of large-scale mixing of populations resulting from dispersive life-history characteristics of the species (Jacobson 2005) and long-distance migration of individuals (Macy & Brodziak 2001) . Our results also agree with several previous molecular studies (Garthwaite et al. 1989 , Herke & Foltz 2002 ) that suggested genetic homogeneity across the area sampled in the present study, including areas further north and south of our sampling range (between 30 and 40°N).
Our study results for Doryteuthis pealeii show a different picture to that presented by Buresch et al. (2006) , who found significant genetic differences between all inshore spawning sites and between most inshore and offshore sites. Differences in the number of significant tests may have resulted from allele frequencies changing between the different years sampled during the 2 studies (i.e. winters of to 2002 vs. May 2006 to February 2007 and/or from increased instability of frequencies within the time sampled by Buresch et al. (2006) . Squid populations display extreme fluctuations in recruitment success and abundance between different spawning cohorts and years (Boyle & Rodhouse 2005) , which has the potential to (Hedgecock 1994 , Waples 1998 ). So differences in patterns revealed by the present study and the study by Buresch et al. (2006) may indicate temporal instability of gene frequencies, but the only conclusion that can be drawn regarding subpopulation differentiation is that any significant spatial patterns (as described by Buresch et al. 2006) are not temporally stable, and thus do not indicate temporally stable genetic spawning units. Differences in the number of significant tests for Doryteuthis pealeii between the 2 studies may also have resulted from sample size differences between the 2 studies (an average of 48.4 individuals in Buresch et al. 2006 compared to an average of 75.1 individuals in the present study), or, may possibly have been due to an influence of the MICROCHECKER-adjusted data used by Buresch et al. (2006) . In our study, when genotypic data for D. pealeii were adjusted using MICRO-CHECKER to account for the presence of significant frequencies of null alleles (as indicated by MICRO-CHECKER), increases in F ST values, as well as the number of significant tests, were observed, in comparison to the non-adjusted values. A clue to the source of these differences associated with the use of MICRO-CHECKER is that 10 of the 12 most significant F ST tests from our study of D. pealeii involved just 2 stations (Stns 6 and 9), which, in both cases, were characterized by high and highly significant F ST values at single loci (Lp2 at Stn 6 and Lp12 at Stn 9). These results were generated as a result of the substitution of relatively high frequencies (9 and 16%, respectively) of the synthetic 'null' allele into the 2 loci that have small numbers (2 to 4) of common alleles. This effect of increased single-locus F ST values was compounded by MICRO-CHECKER suggesting adjustment in only those locus/ sample combinations for which significant departures from Hardy-Weinberg equilibrium genotypic frequencies were indicated, even though many other locus/ sample combinations may have had low (but statistically non-significant) frequencies of null alleles indicated. Adjustment of allele frequencies using MICRO-CHECKER, therefore, may result in sample-specific alterations of allele frequencies, which, in turn, affects resulting tests for differentiation against other nonadjusted samples. Our study showed that these adjustments can have substantial consequences within loci displaying low numbers of common alleles. By contrast, application of the FreeNA method of adjusting for the presumed presence of null alleles produces results almost identical to the non-adjusted data. FreeNA estimates the frequency of null alleles and adjusts frequencies of visible alleles accordingly, but then recalculates F ST using frequencies of visible alleles only (Chapuis & Estoup 2007 ) and so does not generate high frequencies of a synthetic allele within loci with few visible alleles. FreeNA also estimates frequencies of null alleles and carries out the corresponding adjustment, at all loci in all samples, and so applies a uniform adjustment that does not create potential for sample-specific bias at low-polymorphism loci. Where all loci screened display many alleles at low to medium frequencies, as for the Loligo reynaudii dataset (22 to 39 alleles per locus), MICROCHECKER and FreeNA generate very similar results; in the case of L. reynaudii, this did not substantially change values or significance of F ST as would be expected where no significant differentiation exists (Chapuis & Estoup 2007) . It is clear from the example of the D. pealeii dataset that application of adjustments to genotypic data should be made with great care, particularly where individual loci display few and/or very common alleles.
We conclude that discrete spawning aggregations of Loligo reynaudii and Doryteuthis pealeii do not represent genetically distinct subpopulations. Although it is possible that isolated subpopulations may exist but that insufficient time has elapsed to allow significant genetic drift to accumulate in species with large census population sizes, evidence from other studies suggests that this possibility is unlikely. Tagging studies indicate movement of individuals between spawning sites (Sauer et al. 2000) , and extreme census size fluctuations observed for squid populations (Boyle & Boletzky 1996) would be predicted to quickly generate genetic drift; both observations support an interpretation that the absence of genetic differences reflect non-isolated spawning aggregations. With respect to L. reynaudii, our detection of slight genetic differentiation between the Western Cape and Eastern Cape samples may support recent observations of morphological differences between squid from these 2 areas (T. Stonier & M. Lipinski unpubl. data). Such subtle genetic differentiation of geographically peripheral subpopulations has been noted in other squid species (e.g. Shaw et al. 1999 ) and may be related to retention of paralarvae within largescale current systems.
Similar to our study results, a lack of genetic differentiation between populations has been indicated for other loliginid squid species, such as Loligo opalescens (Reichow & Smith 2001) and Loligo gahi (Shaw et al. 2004) , suggesting that lack of genetic structuring may be common for highly mobile, neritic squid species that produce benthic egg masses attached to substrates. However, large-scale genetic homogeneity, indicating high levels of interbreeding and gene flow, cannot always be assumed for cephalopods. For example, in several species of cuttlefish, which are highly mobile as adults but less mobile at the benthic paralarval stage, continuously distributed populations display significant genetic structuring, which fits the expectations of an isolation-by-distance model of restricted gene flow (Perez Losada et al. 2002 , Kassahn et al. 2003 . Nevertheless, our results extend the picture of squid species displaying genetically homogeneous populations over large geographical scales, unless specific oceanographic features create a barrier to gene flow (e.g. Shaw et al. 1999 , Triantafillos & Adams 2001 , Herke & Foltz 2002 , Shaw et al. 2004 ). 
